The timescales and P-T conditions recorded by granulite facies metamorphic rocks permit inferences about the geodynamic regime in which they formed. Two compositionally heterogeneous cordierite-spinel-bearing granulites from Vizianagaram, Eastern Ghats Province (EGP), India, were investigated to provide P-T-time constraints using petrography, phase equilibrium modelling, U-Pb geochronology, the rare earth element (REE) composition of zircon and monazite, and Ti-in-zircon thermometry. These ultrahigh temperature (UHT) granulites preserve discrete compositional layering in which different inferred peak assemblages are developed, including layers bearing garnet-sillimanite-spinel and others bearing orthopyroxene-sillimanite-spinel. These mineral associations cannot be reproduced by phase equilibrium modelling of whole rock compositions, indicating that the samples became domainal on a scale less than that of a thin section, even at UHT conditions. Calculation of the P-T stability fields for six compositional domains within which the main rock-forming minerals are considered to have attained equilibrium suggests peak metamorphic conditions of ~6.8-8.3 kbar at ~1000°C. In most of these domains, the subsequent evolution resulted in the growth of cordierite and final crystallization of melt at an elevated (residual) H 2 O-undersaturated solidus, consistent with <1 kbar of decompression. Concordant U-Pb ages obtained by SHRIMP from zircon (spread 1050-800Ma) and monazite (spread 950-800Ma) demonstrate that crystallization of these minerals occurred during an interval of c. 250 Ma. By combining LA-ICPMS U-Pb zircon ages with Ti-inzircon temperatures from the same analysis sites, we show that the crust may have remained
comparable results to using mass-balance calculations on mineral proportions calculated from X-ray maps or BSE images, but is automated so larger datasets can be collected. Volatile concentrations in cordierite were measured in cordierite grain-separates by SIMS using a Cameca IMS-4f ion microprobe at the University of Edinburgh (Harley, 1994) ; see Table S2 . Measured H 2 O concentrations in cordierite and ideal H 2 O concentrations in biotite were used, together with the measured abundance of these minerals, to estimate H 2 O concentrations within domains. Mineral abbreviations follow Whitney and Evans (2010) . The P-T uncertainties for zero-mode isopleths bounding inferred prograde, peak and retrograde mineral assemblage fields were calculated using the calcsdnle script in THERMOCALC 3.40.
| Zircon geochronology and thermometry
SHRIMP analysis of zircon was undertaken using the method detailed in Korhonen et al. (2013b) . Zircon grains from samples EGB-09-45, -47 and -55 were separated from crushed rock using standard magnetic and heavy liquid methods. Grains were hand-picked and mounted on epoxy resin discs, polished to approximate half grain thickness then carbon coated. Zircon grains were imaged by cathodoluminescence (CL) with a Phillips XL30 scanning electron microscope located in the John de Laeter Centre, Curtin University using an acceleration voltage of 12 kV and a working distance of 15 mm. Cathodoluminescence imaging highlights distortions in the crystal lattice related to trace element distribution and radiation damage (Nasdala et al., 2003; Rubatto & Gebauer, 2000) . After imaging, the grain mounts were then cleaned ultrasonically with ethanol, petroleum ether and detergent (Decon), before being rinsed in distilled and deionized water, and dried in an oven at 60°C. The mount was coated with a thin membrane of gold producing a resistivity of 10-20 Ωm across the disk.
Zircon U-Th-Pb isotope ratios were measured using the SHRIMP II in the John de Laeter Centre, Curtin University. Analysis spots on zircon are shown in Figure S1 . The sensitivity for Pb isotope measurements in zircon was 21 cps/pp/nA, the primary beam current was 2.5-3.0 nA and mass resolution was ~5000. Measured isotope ratios were corrected for common Pb based on the measured 204 Pb, in most cases resulting in a <1% correction to the 206 Pb counts. The Stacey and Kramers (1975) correction for common lead was used to correct U-Pb ages. Pb/U isotope ratios were corrected for instrumental interelement discrimination using the observed co-variation between Pb + /U + and UO + /U + (Compston, Williams, & Meyer, 1984; Hinthorne, Andersen, Conrad, & Lovering, 1979) determined from interspersed analyses of zircon standard BR266. Standard BR266 is a single zircon megacryst from Sri Lanka with an age of 559 ± 0.3 Ma, 206 Pb/ 238 U = 0.09059, U and Th concentrations of 909 and 201 ppm respectively (Stern, 2001) . Raw data are presented in Table S3 .
For laser ablation inductively coupled mass spectrometry (LA-ICP-MS) analyses, 11 zircon grains from three garnet-cordierite gneisses from Vizianagaram (samples EGB-09-45, 47 and 55) were texturally characterized in thin section using CL imaging on a Tescan Mira3 XMU VP-FESEM at Curtin University. Concentrations of selected REEs and Ti, along with isotope ratios of U, Th and Pb, to monitor the age of the analysed zircon zone, were determined using the LA-ICP-MS facility at the John de Laeter Centre, Curtin University. The analysis time included 15-20 s of background and most analyses used spot sizes of 25 µm (33 µm for larger grains). Grains were ablated using a 193 nm wavelength Resonetics RESOlution M-50A-LR, incorporating a ComplexPro 102 coherent excimerlaser with a 1.7 J/cm 2 energy density at the sample surface and a 7 Hz repetition rate. Isotope ratios were measured with an Agilent 7700x ICP-MS system with high purity Ar plasma gas with a
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This article is protected by copyright. All rights reserved. 0.98 l/min flow rate. Isotopes were monitored for 0.01 s, except 204 Pb, 206 Pb, 207 Pb (0.03 s), 232 Th and 238 U (0.0125 s). Data reduction was undertaken using the Iolite v.3 software (Paton, Hellstrom, Paul, Woodhead, & Hergt, 2011) . Reduction of U-Th-Pb isotopic compositions used natural zircon standard 91500 (1062 ± 0.4 Ma; Wiedenbeck et al. (1995) ) as an external reference material and 238 U/ 235 U = 137.82 as an internal standard. For zircon trace element analysis, glass standard NIST 612 was used as an external reference material and stoichiometric 49.00 wt% 91 Zr as an internal standard (Liu et al., 2010) ; analyses returning anomalous (non-stoichometric) Si concentrations were discarded. The calibration of Ferry and Watson (2007) at 10 kbar was used for Ti-in-zircon thermometry, as there is no published calibration of the pressure dependence for this thermometer (Ferry & Watson, 2007; Tomkins, Powell, & Ellis, 2007) . Analytical data are provided -U-Pb data in Table S4 and REE/Ti concentrations in Table S5 .
| Monazite geochronology
Thin section fragments from samples EGB-09-45, -47 and -55 containing monazite grains were mounted along with chips of monazite standard ind-1 [509 Ma, [2] [3] [4] [5] [6] Pb/ 238 U = 0.082133; Korhonen et al. (2011) ] and prepared using a similar procedure to the zircon mounts. Monazite was imaged using a backscatter electron (BSE) detector on a Philips XL30 SEM located at the John de Laeter Centre, Curtin University using a working distance of 5mm and an accelerating voltage of 20 kV. U-Pb isotope measurements on the SHRIMP II used a ~0.5nA O 2 -primary beam, 10 µm spots, a 5-scan duty cycle and a mass resolution of ~5000. Additional details regarding the Curtin SHRIMP procedures for measurement of monazite are outlined by Foster, Kinny, Vance, Prince, and Harris (2000) . BSE images of monazite grains are given in Figure S2 , and U-Pb data tables for monazite analyses are given in Table S4 .
| RESULTS

| Petrography
The petrological features of samples EGB-09-45 and -47 are illustrated in Figure 2a 
| Sample EGB-09-45
Sample EGB-09-45 is a granulite with discrete compositional layers ~5 mm thick. Individual layers are dominated either by garnet-sillimanite-spinel-cordierite (domain 1; Figure 2a ) or orthopyroxene-sillimanite-cordierite-spinel (domain 2; Figure 2b ), in which a weak foliation is defined by prismatic sillimanite. K-feldspar, plagioclase and quartz are present in all domains. Accessory minerals include ilmenite, composite grains of spinel-magnetite, zircon and monazite. Garnet contains abundant inclusions of quartz, K-feldspar and, rarely, spinelmagnetite mantled by sillimanite. Cordierite in domain 1 occurs as ~5 mm poikiloblasts containing quartz and K-feldspar inclusions, and as thin seams separating sillimanite from garnet ( Figure 2a ). Prismatic sillimanite commonly surrounds spinel and ilmenite. Orthopyroxene and sillimanite occur throughout domain 2, but are always separated by a thin layer of cordierite (Figure 2b ). Cordierite also occurs as patchy intergrowths with K-feldspar and quartz.
We interpret the peak assemblages in domains 1 and 2 to be garnet-sillimanite-spinel ( Figure 2a ; domain 1 in Figure 4a ) and orthopyroxene-sillimanite-spinel ( Figure 2b ; domain 2 in Figure 4a ), respectively, each with K-feldspar, quartz and ilmenite. Fine-grained interstitial cordierite-quartz intergrowths are considered to be a retrograde feature.
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| Sample EGB-09-47
Sample EGB-09-47 is a garnet-sillimanite-orthopyroxene-cordierite-sapphirine-spinelbearing metapelitic granulite. Large grains (~3 cm) of garnet, interpreted to record an early prograde growth stage (garnet 1 ), have inclusions of cordierite, isolated sapphirine, quartz, spinel, magnetite, ilmenite, rutile and zircon (Figure 2c-e) . Rarely, euhedral sillimanite is observed in direct contact with garnet 1 (Figure 2f) . A second generation of garnet (garnet 2 ) occurs as euhedral grains ~200 μm across containing abundant lobate inclusions of quartz. Garnet 2 commonly coexists with granoblastic K-feldspar and quartz, consistent with it forming in the presence of partial melt (Waters (2001) ; Figures 2c,f and 3b,g ). Orthopyroxene grains up to ~500 μm across occur in layers dominated by cordierite and sillimanite ( Figure  3b,d) . Commonly, domains containing garnet 2 and K-feldspar contain coarse biotite ( Figure  2c ). Sillimanite, orthopyroxene and spinel, which are separated by thin seams of cordierite, occur in clearly defined layers, similar to those in EGB-09-45 (Figure 3b d) . Sapphirine porphyroblasts occur within the K-feldspar-quartz dominated matrix and are mantled by cordierite or sillimanite, separating it from quartz (Figure 3d, f) . Quartz is present throughout the matrix and as inclusions in garnet 1 , so is inferred to have been present throughout the metamorphic evolution of EGB-09-47.
Garnet 1 grains are commonly replaced at their margins by symplectites comprising fine intergrowths of orthopyroxene and cordierite with or without sillimanite (Figures 2f and  3a) . In some cases, the symplectites occur in close proximity to biotite (Figure 2f ). A fabric defined by compositional layering wraps the garnet 1 porphyroblasts. The layering comprises three garnet-bearing associations: (i) a granoblastic areas comprising euhedral garnet 2 and Kfeldspar, (ii) areas with garnet 2 and cordierite, and (iii) fine intergrowths of garnetsillimanite-cordierite-K-feldspar-quartz (Figures 2c and 3b ). In addition, there are aluminous layers dominated by orthopyroxene and sillimanite (Figure 3b ), which lack garnet and are separated from garnet-bearing domains by K-feldspar-cordierite-quartz horizons. Furthermore, several corona textures occur throughout the sample. These are (from core to rim): spinel|sapphirine|sillimanite|garnet 2 |qz ( Figure 3c ) and ilmenite|sillimanite|garnet 2 |quartz (Figure 3e ) coronae, both of which are developed at the margins of garnet 1 , and spinel|sillimanite|K-feldspar and orthopyroxene|cordierite|sillimanite coronae that occur in garnet-absent orthopyroxene-sillimanite layers (Figure 3d ). Garnet 2 never exhibits symplectic intergrowths at its margins, regardless of textural association.
The textural development of EGB-09-47 is complex. However, we interpret that the prograde growth of garnet 1 occurred in equilibrium with cordierite, sapphirine and quartz. Inferred domainal peak assemblages include: garnet-sapphirine-sillimanite (Figure 2c ; Figure 4b , domain 4), garnet-orthopyroxene-sillimanite (Figures 2f and 3a ; Figure 4b , domain 3) and orthopyroxene-sapphirine-sillimanite-spinel-(porphyroblastic) cordierite (Figure 3d,h; Figure 4b , domains 1 and 2), each with K-feldspar and quartz. The retrograde breakdown of peak phases has led to the development of fine-grained cordierite-sillmanitequartz intergrowths (Figures 2e,f,h and 4b) within the orthopyroxene-sillimanite-spinel bearing layers. However, coarse inclusion-poor cordierite distinct to that between orthopyroxene and sillimanite is interpreted to be part of the domainal peak assemblage (i.e. Figure 3h ; Figure 4b , domains 1 and 2). Domains containing euhedral garnet 2 and rich in Kfeldspar ( Figure 3g ) are interpreted as relict leucosomes formed with cooling through garnet stability fields.
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| Phase equilibrium modelling 4.2.1 | Whole rock compositions
For samples EGB-09-45 and -47, orthopyroxene and sillimanite are interpreted to have stably coexisted at the metamorphic peak in some petrographic domains (Figures 2b and  3a,d,f) , but orthopyroxene is not predicted to be stable with sillimanite anywhere in the P-T pseudosection based on the whole rock composition for either sample ( Figure S3 ). Furthermore, as these interpreted peak assemblages vary on a centimetre scale in each sample (Figure 4) Thompson, 1957) . To investigate these different domains, P-T pseudosections were calculated using bulk compositions derived from selected areas within the thin sections (shown as domains in Figure 4 ). Simplified P-T phase diagrams for these areas that highlight the stability fields for the main silicate minerals from 4-10 kbar and 750-1050°C are shown in Figures 5 (sample EGB-09-45) and 6 (sample EGB-09-47). The full phase diagrams on which these simplified diagrams are based are given in Figures  S4 and S5 , respectively.
| Domainal compositions Sample EGB-09-45
A P-T phase diagram calculated for the composition (Table 2 ) of a garnet-sillimanitespinel-cordierite-bearing domain (domain 1 in Figure 4a ; Table 2), with X(Mg) = 0.32 and A/AFM = 0.58, is shown in Figure 5a . The presence of ~25 vol.% cordierite and <1 vol.% biotite corresponds to 0.04 mol.% H 2 O in the bulk composition of this domain (Figure 4a ). For this H 2 O content, at > 7.5 kbar the calculated solidus occurs at 860-870°C, stepping up to ~1000°C at < 6.5 kbar. For the X(Fe 3+ ) of the domain 1, which is based on mineral stoichiometry, spinel is predicted to be stable at ultrahigh-temperatures at pressures up to 9 kbar. Magnetite with or without spinel is stable except at the highest temperatures and pressures below ~9 kbar. Including the calculated 2 errors on the end-member thermodynamic data, the interpreted peak assemblage of garnet-melt-sillimanite-K-feldsparmagnetite-ilmenite-quartz for domain 1 in sample EGB-09-45 occurs at >7 kbar and >850°C (area outlined by the red dashed line in Figure 5a ). This field is limited to lower P-T by cordierite-in, biotite-in and orthopyroxene-in equilibria. The development of retrograde cordierite is consistent with decompression with or without cooling into fields at ~7-8 kbar and ~800-950°C, and final crystallization of melt at the elevated (residual) H 2 Oundersaturated solidus (area outlined by the blue dashed line in Figure 5a) .
A P-T phase diagram for the composition of an orthopyroxene-sillimanite-spinelcordierite-bearing domain (domain 2 in Figure 4a ; Table 2 ) is shown in Figure 5b . This composition has X(Mg) = 0.45 and A/AFM = 0.44; H 2 O content is estimated to be ~0.01 mol % based on the mode of cordierite and biotite. The solidus is located at ~885°C above ~8 kbar and steps up to > 1000°C at < 6.5 kbar. The solidus is at a higher temperature than the solidus for domain 1 due to a lower H 2 O content, which is a consequence of the lower mode of cordierite and absence of biotite. Compared to domain 1, spinel is stable to lower temperatures (~775°C) at ~4 .5 kbar, extending to 1100°C and higher at > 9 kbar. The inferred peak assemblage of orthopyroxene-melt-sillimanite-ilmenite-spinel-magnetite-Kfeldspar-quartz occurs in a field at P-T conditions of 6.7-7.9 kbar and 970-1020°C (area outlined by the red dashed line, Figure 5c ). This peak field is limited by spinel out to lower-T,
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This article is protected by copyright. All rights reserved. garnet in to higher-P, magnetite out to higher-T and cordierite in to lower-P. The development of retrograde cordierite is consistent with minor decompression with or without cooling, and crystallization of all melt at the H 2 O-undersaturated solidus (area outlined by the blue dashed line, Figure 5b ).
Sample EGB-09-47
Four P-T phase diagrams were calculated using bulk compositions (Table 2) derived from the areas shown in Figure 4b ( Table 2) . Domains 1 and 2 are orthopyroxene-sapphirinesillimanite-spinel-cordierite-bearing areas that contain sparse and abundant quartz, respectively (Figure 4b ). Domain 1 has X(Mg) = 0.61 and A/AFM = 0.50, whereas domain 2 has X(Mg) = 0.59 and A/AFM = 0.49. In both cases, H 2 O contents are estimated to be <0.07 mol.% based on the mode of cordierite. Within the P-T range of interest for both domains (Figure 6a,b) , quartz is predicted in all fields and the solidus occurs at ~900°C for >8 kbar, stepping up to ~1000°C or more at < 6.5 kbar. In both cases, garnet is present above ~4kbar at low-T and above, extending to ~8 kbar or above at the extreme temperature of 1100°C. Cordierite is predicted to be stable below pressures of between ~8 and 6.5 kbar at ~900-1050°C, respectively. Sapphirine is stable above ~1000°C at intermediate pressures in both domains; the decreased stability of sapphirine compared to sample EGB-09-45 likely reflects the relatively low X(Fe 3+ ). The peak assemblage for both domains is inferred to be orthopyroxene-sapphirine-sillimanite-spinel-cordierite-K-feldspar-quartz-rutile-ilmenite (cordierite occurs as coarse porphyroblasts; domains 1 and 2, Figures 3h and 4b ). The assemblage occurs in overlapping P-T fields (taking into account the 2 uncertainties) at ~6.4-7.2 kbar and 975-1025°C (area outlined by the red dashed line, Figure 6a ,b). The boundaries of the peak field are garnet-in at high-P, sillimanite-out at low-T, rutile-out at low-P and low-T, and for domain 2, sapphirine-out at low-P.
A P-T phase diagram for domain 3, which contains garnet-orthopyroxenesillimanite-cordierite ( Figure 4b , Table 2 ), is shown in Figure 6c . Domain 3 has X(Mg) = 0.54 and A/AFM = 0.48; H 2 O content is estimated to be ~0.04 mol.% based on the mode of cordierite. Quartz is present in all assemblage fields, while orthopyroxene is only predicted at intermediate pressures of ~5-7 kbar and at 750°C and ~6-7 kbar at 950°C, and up to a maximum temperature of 990°C. Sapphirine is stable above 950°C at intermediate pressures.
The peak assemblage of garnet-melt-orthopyroxene-sillimanite-K-feldspar-quartzilmenite-rutile is stable in a small P-T field at ~7.2 kbar and ~975°C (the area outlined by the red dashed line, Figure 6c ). This field is constrained by orthopyroxene-out to higher-P, sapphirine-in to higher-T and cordierite-in to lower-P and lower-T. The retrograde assemblage with additional cordierite and plagioclase occurs between ~6-7 kbar at 750-960°C. The retrograde field, which is subsolidus and based on the appearance of cordierite, is restricted by plagioclase-out and orthopyroxene-in at high-P, biotite-in at low-T, rutile-out at low-P and sapphirine-in at high-T (area outlined by the blue dashed line, Figure 6c ).
Within domain 4 (Figure 4b ), symplectites of cordierite-orthopyroxene-sillimanite-K-feldspar (e.g. Figures 2f and 3a) partially replace garnet in the garnet 1 -melt-sapphirinesillimanite-K-feldspar-plagioclase-spinel-ilmenite-rutile-quartz assemblage. This is interpreted to record the breakdown of peak garnet in the presence of melt. For this domain, X(Mg) = 0.49 and A/AFM = 0.44; H 2 O content is estimated to be ~0.04 mol.% based on the mode of cordierite. In the phase diagram for domain 4 (Figure 6d ) within the P-T range considered, the solidus occurs at ~875°C at pressures greater than ~7.4 kbar stepping up to 1000-1050°C at pressures below 6-6.5 kbar. Orthopyroxene-bearing equilibria occur in the high-T and low-P quadrant, above ~930°C from ~4 to ~8 kbar, and in a small window below ~870°C between ~5 and ~6.3 kbar. The inferred peak assemblage field of garnet 1 -meltsapphirine-sillimanite-K-feldspar-plagioclase-spinel-ilmenite-rutile-quartz field is
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This article is protected by copyright. All rights reserved. consistent with pressures of ~6-8 kbar and temperatures in excess of 1000°C (area outlined by the red dashed line in Figure 6d ). The cordierite-bearing garnet 1 -cordierite-sapphirinesillimanite-K-feldspar-plagioclase-spinel-ilmenite-rutile-quartz field indicates that the interpreted retrograde evolution for this domain is consistent with minor decompression across the solidus (area outlined by the blue dashed line in Figure 6d ).
| Zircon geochronology and thermometry 4.4.1 | Zircon morphology and petrography
The characteristic morphology of zircon grains in CL is shown in Figure 7 . Grains that show clear oscillatory zoning patterns characteristic of magmatic zircon are rare; most grains have textures consistent with crystallization of zircon from anatectic melt generated during UHT metamorphism and/or recrystallization during fluid mediated processes (R. J. M. Taylor, Kirkland, & Clark, 2016) . Core domains in zircon from samples EGB-09-45, -47 and -55 are variable, with sector-zoned, 'fir-tree' and 'soccer ball' textures all present (Figure 7a Overgrowths are common; the outermost layers generally have a lower CL response and are texturally homogenous, rarely showing parallel sector zoning that is discontinuous with high CL response 'fir-tree' and 'soccer ball' sector-zoned regions closer to grain cores (EGB-09-55; Figure 7a ). In sample EGB-09-45, analysed grains occur adjacent to ilmenite and sillimanite, and occur in both orthopyroxene-sillimanite-cordierite-and garnetsillimanite-cordierite-spinel-bearing domains. However, zircon grains in direct contact with garnet are not observed in this study. Zircon grains in sample EGB-09-47 occur in several domains. Large, sector-zoned grains (e.g. Figure 7c ) are found in orthopyroxene-sillimanitebearing domains and within the interstitial K-feldspar-cordierite-quartz matrix. A variety of 'soccer ball' and oscillatory-zoned zircons are found in garnet 1 and garnet 2 -bearing domains and in contact with spinel-ilmenite-sillimanite-garnet 2 coronae. Additionally, zircon grains in garnet 2 -bearing domains within sample EGB-09-47 commonly show sector zoning, accompanied with fine-scale zoning patterns (Figure 7d ).
| U-Pb geochronology
High precision SHRIMP analyses (n = 60) from samples EGB-09-45, -47 and -55 provide timing constraints (Table S3; Pb ages define a probability density function (PDF) with a primary peak at c. 950 Ma and secondary peak at c. 550-500 Ma (Figure 8a ). Analyses from sector-zoned grains yield concordant ages of c. 1050-800 Ma, with an age span of c. 200 Ma often apparent within single sector zoned grains (Figure 7c) . A further group of analyses return ages between c. 800 and 600 Ma that are discordant and define a broadly Pan-African lower intercept. Three analyses from zircon overgrowths return a weighted mean Concordia age of 511 ± 6 Ma (MSWD = 0.068, Prob. = 0.79).
| Trace element patterns
Chondrite-normalised rare earth element (REE) patterns of zircon within the garnet-bearing sample EGB-09-47 are plotted in Figure 8d . Notably, sector-zoned zircon grains in garnetabsent, orthopyroxene-sillimanite-bearing domains in this sample have depleted heavy REE (HREE) patterns (Figure 8d , solid lines) relative to grains in garnet-bearing domains. Zircon grains in garnet 1 or garnet 2 -bearing domains show a wider spread of REE patterns, may have a more pronounced Eu anomaly, and exhibit a wider range of HREE concentrations -often
Accepted Article
enriched by up to an order of magnitude. In this sample, there is no clear correlation between normalized REE patterns and internal zircon morphology. The only apparent REE trend with age is HREE enrichment associated with spot analyses from some zircon rims in EGB-09-45 and -55 (Tables S4 and S5) . However, a range of higher Yb/Gd ratios is apparent for zircon spots across all age populations from grains coexisting with garnet ( Figure 8d ).
| Ti-in-zircon thermometry
For zircon with concordant ages determined by LA-ICP-MS (Figures 8c and 9a) , Ti-inzircon thermometry was used to assess crystallization temperatures for the same spots. The Ti-in-zircon temperatures yield a bimodal PDF (Figure 9a ) corresponding to the age peaks, with Ti-in-zircon temperatures of ~905°C and ~810°C. The data forms three clusters ( Figure  9b ): the first at around 940-880°C in the age range c. 1000-880 Ma, which are interpreted to represent the peak of UHT metamorphism and which correspond to sector zoned domains in zircon; the second at ~900°C between c. 800 and 600 Ma, although the ages in this interval determined by SHRIMP are discordant, suggesting that the temperatures do not record a discrete metamorphic event; and; the third at ~820-800°C and c. 550-500 Ma corresponding to low-response CL zircon rims. The assumption used here that a TiO2 =1 leads to an underestimate of temperature for rutile-absent domains by up to ~70 °C (Ferry & Watson, 2007) . The peak pressure of ~7 kbar here, compared to the 10kbar calibration of this thermometer may result in a further underestimation of ~15 °C, hence the Ti-in-zircon temperatures should be regarded as minima. An orthogonal regression technique (Krystek & Anton, 2007) was used to obtain an average cooling rate of 0.13  0.08°C/Ma from concordant LA-ICP-MS 238 U/ 206 Pb ages and Ti-in-zircon temperatures associated with the c.1000-880 Ma UHT event (Figure 9a ). This result is consistent with very slow cooling towards the elevated solidus. 
| Monazite U-Pb geochronology
Monazite U, Th and Pb isotope ratios for samples EGB-09-47 and -55 are given in Table S3 and displayed in Tera-Wasserberg concordia plots in Figure 11 
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K-feldspar and quartz) in the different layers include garnet-sillimanite-ilmenite (Figure 2a) , orthopyroxene-sillimanite-spinelcordierite (Figure 2b ), garnet-sapphirine-sillimanite (Figure 2c ), garnet-orthopyroxene-sillimanite ( Figure 2g ) and orthopyroxene-sillimanitesapphirine-spinelcordierite (Figure 3d, h) . In sample EGB-09-45, garnet-sillimaniteilmenite-bearing domains have an X(Mg) that is significantly lower (by 0.13) than the orthopyroxene-sillimanite-spinel-bearing domains, but an A/AFM that is higher by 0.14. Similarly, in sample EGB-09-47, the garnet-sapphirine-sillimanite-bearing domain 4 has an X(Mg) that is lower by 0.12 than the orthopyroxene-sillimanite-sapphirine-spinel-bearing domain 1 but, in this case, is less aluminous with an A/AFM by 0.06. These observations demonstrate that the rocks preserved significant differences in two compositional parameters critical to metapelitic phase equilibria -X(Mg) and A/AFM-on a centimetre scale. Similarly small domains occur in various granulite facies xenoliths that record temperatures of ~1000°C, for example in the northern limb of the Bushveld Complex (Johnson, Brown, & White, 2010) and the Cortlandt Complex (Dorfler, Caddick, & Tracy, 2015) .
Felsic domains dominated by coarse-grained K-feldspar and quartz are interpreted as leucosome; these are interspersed between garnet-sillimanite-spinel-and orthopyroxenesillimanite-spinel-bearing layers in EGB-09-45, and commonly surround garnet 1 porphyroblasts in EGB-09-47 (Figures 2h and 3g) . In both samples, cordierite, which is interpreted to have grown variably as part of the peak assemblage (Figures 3h and 6a,b) or during the high-T retrograde evolution ( Figures 5 and 6c,d) , is the only primary hydrous mineral. Consequently, the H 2 O content of the domains may be determined based on the measured abundance and volatile content of cordierite, providing cordierite was part of the close-to-peak assemblage.
In sample EGB-09-47, small millimetre scale leucosome domains consist of inclusion-rich euhedral garnet grains (garnet 2 ) in a granoblastic K-feldspar-quartz matrix (Figure 3g ) with rare large biotite laths (Figure 2c,g ). These domains are commonly juxtaposed against cordierite-quartz intergrowths. The orthopyroxene-cordierite-sillimanite symplectites that surround garnet 1 are not found associated with garnet 2 , which suggests the formation of such symplectites records melt crystallization. Late biotite and the preservation of pristine cordierite potentially may be due to an increase in a(H 2 O) due to the preferential crystallization of CO 2 -bearing cordierite, as D CO2(liq)/CO2(cordierite) << D H2O(liq)/H2O(cordierite) (Thompson, Harley, & Carrington, 2001 ). However, a-X models incorporating CO 2 into melt and cordierite are required to construct appropriate pseudosections to test this proposal.
| P-T evolution
In some cases, constraints on the prograde path followed by rocks may be made by using inclusions within prograde to peak minerals. For example, sample EGB-09-47 contains garnet prophyroblasts with inclusions of cordierite, sillimanite, sapphirine and spinel ( Figure  2c-e) . However, along the prograde evolution at temperatures above the wet solidus (~650 °C), the composition of these granulites would have been constantly evolving due to the production and loss of melt regardless of the scale of equilibration. Consequently, the bulk composition of the prograde equilibration domain is unknown, and phase equilibrium modelling based on these inclusion suites is not appropriate for quantitatively evaluating P-T conditions.
A P-T path for the peak and retrograde evolution of the granulites of this study is proposed based on mineral assemblages and microstructures inferred to have developed during the peak and retrograde evolution using phase diagrams constructed for selected domains within samples EGB-09-45 and -47. P-T pseudosections for the composition of selected areas in thin sections reproduce the interpreted domainal peak assemblages. Peak metamorphic mineral associations include coexisting orthopyroxene and sillimanite in
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This article is protected by copyright. All rights reserved. domain 2 in sample EGB-09-45 (Figure 5c ) and domain 1 in sample EGB-09-47 (Figure 6b ). Cordierite is inferred to have been stable at peak conditions in domains 1 and 2 of sample EGB-09-47, where it occurs as coarse porphyroblasts (Figures 3g and 6b,c) , in addition to its occurrence as poikiloblastic grains with quartz and sillimanite inclusions and as seams separating orthopyroxene and sillimanite (Figure 3d ). Coexisting garnet and sillimanite without cordierite are inferred in the peak assemblage for domain 1 in sample EGB-09-45 (Figure 5b ), garnet-sillimanite-orthopyroxene for domain 3 of sample EGB-09-47 ( Figure  6d ) and garnet-sillimanite-sapphirine for domain 4 in sample EGB-09-47 (Figure 6e ). Peak fields for these various domains record similar conditions. Peak stability fields overlap implying temperatures of 965-1050°C, and pressures must extend to ~6.8-8.3 kbar where peak stability fields of EGB-09-45 domains 1 and 2 overlap, as summarised in Figure 12a .
For most domains, the stability fields for post-peak assemblages that record the breakdown of peak minerals are constrained by cordierite-bearing equilibria. These retrograde fields generally overlap the peak assemblage stability fields, but consistently extend down temperature, always at a lower pressure (Figure 12a ). For every pair of modelled peak and retrograde assemblage, the inferred retrograde assemblages are consistent with minor decompression (on the order of <1 kbar). In all modelled compositions, the elevated solidus is characterised by a sharp increase in temperature (100-200°C) from higher to lower pressure, which occurs between 8.0 and 6.5 kbar (Figure 12b ). Post peak P-T vectors for each domain indicate minor decompression and cooling from their respective peak field. Consequently, the majority of P-T vectors coincide with <1 kbar of decompression from the inferred metamorphic peak conditions (~6.8-8.3 kbar at 965-1050°C), leading to the H 2 O-undersaturated solidus (Figure 12b) , with final crystallization of melt and growth of cordierite. Symplectic replacement of garnet by orthopyroxene, sillimanite and cordierite, fine grained cordierite-sillimanite-quartz intergrowths (Figure 2f) , and cordierite seams between orthopyroxene and sillimanite can all be achieved in the presence of melt by crossing the garnet+cordierite+K-feldspar+quartz = orthopyroxene+sillimanite+melt univariant KFMASH reaction from high to low P-T (Harley, 2008) . Similar textures around this univariant have been ascribed to chemical potential gradients of MgO and FeO, decompression of <<1 kbar and the local presence of melt (Doukkari, Dienar, Ouzegane, & Kienast; . However, pressure variations on the order of 1 kbar are probably within the uncertainties associated with phase equilibrium modelling (Powell & Holland, 2008) , Increasing CO 2 concentration in the system would enlarge the cordierite stability field to higher pressure, as CO 2 partitions preferentially into cordierite rather than melt under granulite facies conditions (Harley, 2008; Thompson, Harley & Carrington, 2001 ). As such, systems which include CO 2 tend to stabilise cordierite at higher-P (Harley, 2008) . In spite of these considerations; the simplest explanation of numerous lines of petrological evidence and post-peak P-T vectors is decompression of <1 kbar with cooling, in the presence of local melt towards the solidus at ~6.5-7.0 kbar, 950-1000 °C (Figure 12b) .
Garnet 2 poikiloblasts commonly form aggregates that are rounded and contain numerous quartz inclusions, consistent with crystallization with melt (Waters, 2001) . Garnet is stable in adjacent fields down-T from post peak assemblages in garnet absent domains (Figure 6a,b) . Thus, domains containing entrained aggregates of euhedral, garnet 2 poikiloblasts (Figures 2c and 3g ) and K-feldspar (e.g. EGB-09-47; domains 3 and 4) are interpreted as relict leucosomes that formed by cooling immediately before crossing the elevated domainal solidi along the retrograde P-T path.
Despite a lack of explicit P-T evidence preceding peak conditions, the presence of lower-pressure phases (e.g. spinel, sapphirine cordierite) as garnet 1 inclusions and in coronae with garnet 2 may be consistent with either a clockwise (Figure 12c(i) ) or a counterclockwise (Figure 12c (ii)) P-T evolution. A clockwise P-T path with a high prograde dT/dP gradient
This article is protected by copyright. All rights reserved. (Figure 12c(i) ) can reach peak conditions of ~7.6 kbar at ~1000 °C where garnetsapphirine-spinel assemblages are stable (Figure 5c,d) , after stabilising garnet-cordierite assemblages on the prograde path. A counterclockwise P-T path (Figure 12 c(ii) ) would pass through cordierite, sapphirine and spinel (+ quartz) stability fields at >900 °C before forming peritectic garnet at UHT around peak conditions of ~7.6 kbar at ~1000 °C. However, our results do not allow us to discriminate between these alternatives, and the prograde P-T path at Vizianagarma remains unresolved.
| Timescales of metamorphism
The petrological evolution of samples EGB-09-45, -47 and -55 is summarized and compared to the inferred P-T path in Figure 13 . The spread of concordant SHRIMP zircon ages from c.1050 to c. 800 Ma likely represents zircon growth from crystallizing melt during this interval, supported by the Ti-in-zircon temperatures almost all of which exceed 880°C (Figure 9 ). Ti-in-zircon temperatures exceed 900 °C for LA-ICPMS zircon ages in the range c.1000-880 Ma; the time interval with the most numerous SHRIMP U-Pb zircon ages (see PDFs, Figure 8a ). We interpret this data to record a protracted suprasolidus evolution between c. 1050 and 800 Ma, where UHT conditions were sustained for a minimum period of 120 Ma between c. 1000 and c. 900 Ma. In the majority of the rock volume, zircon likely crystallized from melt at c.1000-900 Ma until reaching a H 2 O undersaturated residuum solidus at >900°C. An average cooling rate of 0.13  0.08°C/Ma for the c.1000-880 Ma duration of UHT metamorphism is derived from a orthogonal regression of the Ti-in-zircon temperatures within error of 900 °C and the LA-ICPMS 238 U/ 206 Pb ages and errors ( Figure  9a ).
There are alternative explanations possible for the spread in near-concordant U-Pb zircon ages from c. 1050 to c. 800 Ma. First, the ages could represent prolonged crystallization related to periodic melt influx (Harley et al., 2007; Harley & Nandakumar, 2014; Kelsey, Clark, & Hand, 2008; Kelsey & Powell, 2011) . Second, one or more Pb-loss episodes could have occurred, leading to analyses within error of Concordia between 1050 and 800 Ma (e.g. Whitehouse, Kamber, & Moorbath, 1999) .
Despite their growth in garnet absent domains, the presence of HREE-depleted, sector-zoned zircon is consistent with equilibration of the growing zircon with garnet and melt, the major repositories of HREE at these P-T conditions. Zircon grains with a spread between equally depleted, or more HREE-enriched signatures occur in garnet 1 and garnet 2 -bearing domains (Figure 8d ). During the post-peak evolution in the interval c. 1000-880 Ma, enrichment of HREE in zircon should occur due to garnet-consuming reactions in those domains that form, for example, orthopyroxene-cordierite intergrowths at the margins of garnet 1 (Figure 2d ) in the presence of melt. However, HREE re-equilibration of zircon with garnet 2 must occur when euhedral garnet 2 crystallizes with melt. A plausible reason for the disparity in zircon HREE signatures between garnet absent and garnet bearing assemblages is an interplay between open and closed system behaviour. During the growth of large HREEdepleted zircon in garnet absent domains, the equilibration volume for the zircon-garnet-melt HREE system must be such that zircon throughout the rock volume could equilibrate with garnet and melt. However, during the post-peak evolution involving decompression and garnet breakdown, melt could have been locally isolated if melt volume remained below the melt connectivity threshold. In this scenario, zircon and garnet would only re-equilibrate in garnet bearing domains. Slow incremental growth of sector-zoned zircon in the age range is further diagnostic evidence of zircon growth in crystallizing melt pockets under granulite facies conditions (Figure 7c ; Harley, Kelly, & Möller, 2007 ; R. J. M. Taylor et al., 2016) .
The U-Pb data from zircon rims project onto Concordia between c. 550 and 500 Ma (Figures 7e,f and 8a,b) . A weighted mean age of 511.2  6.1 Ma is calculated from three
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This article is protected by copyright. All rights reserved. concordant dates, suggesting a discrete phase of new zircon growth at this time. The enriched HREE signatures in zircon rims from samples EGB-09-45, 55 reflect the absence of garnet 2 in these samples.
Monazite U-Pb ages are interpreted to reflect more-or-less continuous growth between c. 950 and 800 Ma in both samples EGB-09-47 and -55. The few concordant PanAfrican ages (c. 550-500 Ma) are not associated with discordant Pb loss trends. In combination with Ti-in-zircon temperatures of ~810°C, this provides robust evidence for some, albeit limited, crystallization of monazite and zircon at c. 550-500 Ma.
The process responsible for limited neocrystallization of zircon and monazite at c. 550-500 Ma is unclear. Given that the new zircon rims record Ti-in-zircon temperatures in excess of 800°C (Figures 7c, 8 and 9 ), this new growth is unlikely to reflect subsolidus fluidmediated dissolution-reprecipitation (Geisler, Schaltegger, & Tomaschek, 2007; Harley et al., 2007) . There are two plausible alternative processes that could have been responsible for zircon growth at this time: (i) final crystallization of the last vestiges of melt on cooling to the temperature of the elevated (residual) H 2 O-undersaturated solidus as part of a protracted metamorphic event lasting in excess of 500 Ma; (ii) limited melting due to a minor influx of fluids, with or without any temperature increase. Both processes are consistent with crystallization of sparse biotite laths within leucosome domains in sample EGB-09-47 (Figure 2c ). Preserving trapped melt pockets at long lived suprasolidus conditions may seem feasible, given the average cooling rate of 0.13  0.08°C/Ma. However, if melt had remained in these rocks throughout the c. 1050-500 Ma tectonothermal history, the occurrence of concordant zircon ages throughout this period might be expected, in contrast with the observed c. 300 Ma gap in the zircon record (Figure 8a,b) . The leucosome domains that host the younger zircon contain more H 2 O in the bulk composition (~2 mol.%) than the (nominally anhydrous) domains with peak mineral assemblages. An influx of ~2 mol.% H 2 O shifts the solidus down temperature to between ~800-850°C at 6.2 kbar for samples EGB-09-45 and -47 (Figure 12b ), consistent with Ti-in-zircon temperatures >800°C recorded by the c. 550-500 Ma neocrystallized zircon rims. Fluid infiltration into cordierite-bearing granulites commonly results in pinitisation of cordierite. However, at temperatures in excess of 800°C cordierite is stable, whereas white mica, a principal constituent of pinite, is not. Thus, a process involving limited influx of H 2 O during the Pan-African event (e.g. Mezger & Cosca, 1999 ) is more consistent with observations than retention of residual melt in pockets.
| Regional geological context
In the EGP, the metamorphic evolution of the UHT granulites along the coastal belt differs from those located on the plateau. At Anakapalle, ~60km to the southwest along strike from Vizianagaram, based on evidence of >2 kbar decompression, a clockwise P-T path has been inferred for UHT granulites (Figure 1 ; Kelsey et al., 2017; Rickers, Raith, & Dasgupta, 2001) . By contrast, the inferred P-T evolution from several highland localities in the PaderuAnantagiri-Salur block is inferred to have been counterclockwise (Figure 14c ; . However, peak P-T conditions of ~ 7-8 kbar and >950°C are recorded in both cases. At the highland localities, incremental growth of anatectic zircon occurred from c. 1050 Ma reaching peak UHT conditions between c. 1000 and c. 900 Ma . However, continuous growth of anatectic zircon until c. 800 Ma, as inferred for the rocks at Vizianagaram, has not been recorded at the highland localities. In addition, a Pan-African population of zircon at c. 550-500 Ma is most clearly defined at Vizianagaram and at Garbham, another lowland locality (Korhonen et al., 2015) .
A correlation between the EGP and Rayner Complex (RC) during the Proterozoic is well documented (Dasgupta et al., 2013; Fitzsimons, 2000; Harley, 2003; Mezger & Cosca, 1999) , and is reflected here in several facets of the zircon geochronology and metamorphic
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evolution. Prolonged growth of concordant zircon between c. 1050 and c. 800 Ma, and suprasolidus granulite facies reworking of the EGP at Vizianagaram at 550-500 Ma is similar to the sequence of events recorded by monazite U-Pb ages in the RC in the Northern Prince Charles Mountains (NPCM; Morrissey, Hand, Kelsey, & Wade, 2016) . Meanwhile, Mesoproterozoic to Neoproterozoic metamorphism and magmatism during the interval 1050-900 Ma is recorded throughout the RC within rocks cropping out along the Mawson Coast (Halpin, Gerakiteys, Clarke, Belousova, & Griffin, 2005) and from the reworked Archean crust of the Oygarden Group and Stillwell Hills (Halpin et al., 2005; Kelly, Clarke, & Fanning, 2002) . The Beaver Terrane of the Rayner Complex records peak P-T conditions of ~6.0 kbar and 850-900°C and post peak near-isobaric cooling Morrissey, Hand, Kelsey, & Wade, 2016) . However a decompression dominated post-peak history is evident in clockwise evolution through peak P-T conditions of ~8.5 kbar and 900-950°C, associated with Neoproterozoic reworking of the Oygarden Group and the Stillwell Hills .
Inherited zircon ages in the EGP record a series of concordant clusters and discordant trends associated with ages at c. 1650-1600 Ma and c. 1900-1800 Ma throughout the highland localities (Das et al., 2011; Korhonen et al., 2015; . Ages between c.1650-1600 Ma seemingly coincide with ages for granite and charnockite emplacement in the Ongole Domain (Dharma Rao, Santosh, & Dong, 2012; Kovach et al., 2001; Simmat & Raith, 2008) . Similar inherited ages from arc-related magmatism ( Figure  14b ) are found in zircon cores from the RC, with felsic magmatism at c. 1600 Ma in the Oygarden group, and charnockite emplacement at c. 2100-1800 Ma along the Mawson Coast (Halpin et al., 2005) and NPCM (Zhao, Ellis, Kilpatrick, & McCulloch, 1997) .
Interestingly, the granulites from Vizianagaram have inherited concordant zircon with ages of c. 2500-2400 Ma, which is seemingly unique to the EGP, but lies within the range of Sm-Nd whole-rock protolith ages of c. 2900-2200 Ma from the EGB (Rickers, Mezger, et al., 2001 ). These inherited cores could have originated from several adjacent terranes. Granitic magmatism occurred in the Bastar Craton at c. 2500-2450 Ma (Sarkar, Corfu, et al., 1993) , which is now adjacent to the Singhbhum and Rengali Provinces at the northern margin of the EGB. Granulite facies metamorphism occurred in the Vestfold Hills terrane at c. 2520-2450 Ma (Clark, Kinny, & Harley, 2012) , which was likely situated around the northern margin of the EGB. Further from the study area, on the other side of the EGP-RC depocentre, c. 2500 Ma detrital zircon in the Ruker Terrane (Phillips, Wilson, Campbell, & Allen, 2006) and granitoids emplaced in the Lambert Terrane at c. 2400 Ma (Boger, Wilson, & Fanning, 2001; Mikhalsky, Beliatsky, Sheraton, & Roland, 2006) are further possibilities for the source of this Archean to Paleoproterozoic detritus.
Despite these potential sources, inheritance of c. 2500-2400 Ma is lacking in granulites from the northern EGP (Bose, Das, Torimoto, Arima, & Dunkley, 2016) , a region that is in close proximity to the Rengali Orogen (Bhattacharya et al., 2016; Sawant, Gupta, Clark, & Misra, 2017) , and potentially accessible from the Vestfold, Ruker and Lambert Terranes based on recent Proterozoic plate tectonic reconstructions (Merdith et al., 2017) . However, the Archean Napier Complex records a high volume of anatectic zircon growth in the age range c. 2500-2400 Ma (Carson, Ague, & Coath, 2002; Hokada & Harley, 2004; Horie, Hokada, Hiroi, Motoyoshi, & Shiraishi, 2012) , similar to the neighbouring reworked Archean basement of the Oygarden Group of islands, which also record high-grade recrystallization at c. 1000-900 Ma (Halpin et al., 2005; Kelly et al., 2002) . In addition, granites were emplaced in the northern Napier Complex c. 2410 Ma (Black, Sheraton, & James, 1986 ). This Archean basement was probably closer to the EGP during the Proterozoic (Merdith et al., 2017) , and the inherited zircon in this study may have been derived from
This article is protected by copyright. All rights reserved. sediment sourced from this crust. If the c. 2500-2400 Ma zircon was sourced from the Napier Complex granulites, non-oscillatory, weakly-zoned zircon textures with flattened HREE signatures might be expected (Kelly & Harley, 2005) . However, to properly discriminate between potential sources of inherited zircon in the EGP would require a separate study involving a larger sample size, appropriate textural analysis, higher resolution U-Pb zircon geochronology, and determination of REE and Lu-Hf isotopic signatures.
| Development of a hot orogen
A polymetamorphic evolution at UHT conditions has commonly been inferred for the EGP (Dasgupta, 1995; Dasgupta et al., 2013; Simmat & Raith, 2008) . Many models propose a Grenvillian counterclockwise P-T evolution to an UHT peak at c. 1130-930 Ma, followed by near isobaric cooling ('M1') followed by decompression during a separate ('M2') metamorphic event (Das et al., 2011; Dharma Rao, Santosh, & Chmielowski, 2012; Mohan, Tripathi, & Motoyoshi, 1997) . At Vizianagaram, there is scant evidence for an earlier counterclockwise metamorphic event or for a distribution of concordant U-Pb zircon ages to identify multiple separate tectonothermal events. The simplest explanation for the spread of concordant zircon ages from c. 1050 to c. 800 Ma determined in this study ( Figure  8 ) is a single long-lived event in which temperature remained above ~800°C, appropriate to suprasolidus conditions in most rocks.
Any tectonic model for the evolution of the EGP must explain the UHT metamorphism, the crustal shortening related to the collision of EGP with the Indian craton (Gupta, 2012) , and also explain juxtaposition of crustal blocks that experienced contemporaneous decompression and near-isobaric cooling domainated post-peak P-T histories. The granulites at Vizianagaram which record decompression of <1 kbar during long-lived cooling from UHT ( Figure 10 ) are separated by ~50 km from the granulites in the Paderu-Anantagiri-Salur block which record a counterclockwise evolution Korhonen et al., 2011) . A model of truncated hot orogenesis has previously been suggested to explain the evolution of the region Sizova et al., 2014) . These models ascribe metamorphism at UHT and moderate pressures to slab breakoff, crustal extension and replacement of the subcontinental lithospheric mantle with melt-bearing asthenospheric mantle. In these models, counterclockwise P-T paths at UHT conditions could have been produced via renewed shortening, which would return the crust to a 'normal' thickness and allow long-lived nearisobaric cooling (Figure 14b,c) . Gupta (2012) has suggested that: 1) the available structural, metamorphic and geochronological evidence supports shortening of the EGP under granulite facies conditions shortly after the Neoproterozoic UHT peak; and, 2) a tectonic contact may exist between the domains experiencing decompression and those recording near-isobaric cooling after a counterclockwise P-T evolution at UHT, with the former being thrust westward over the latter. This model predicts loading with a counterclockwise P-T path in the footwall and exhumation with a decompression dominated P-T path in the hanging wall, consistent with observations ( Figure 14c ). Furthermore, post-peak decompression could represent partial exhumation via thrusting of hot crust over an adjacent cratonic indentor, such as the Napier Complex (Figure 14b ). This possibility is supported by c. 2500-2400 Ma zircon inheritance at Vizianagaram and comparable post-peak P-T paths between Vizianagaram and granulites from western Kemp Land, where post-peak decompression is more pronounced (~2-5 kbar; Harley & Hensen, 1990; Kelly & Harley, 2004) . and Kelsey et al. (2017) have proposed a decompressiondominated P-T path from >10 to ~8 kbar at >1000°C for granulites from Anakapalle ~60 km to the southwest along strike from Vizianagaram in the Eastern Ghats. Kelsey et al. (2017) 
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argued that the decompression could have occurred towards the end of a long-lived counterclockwise P-T loop, an evolution postulated to be typical of the EGP as a whole. Such an evolution would have been characterized by a near uniform >150°C/kbar prograde apparent geotherm. To account for the lack of evidence elsewhere in the terrane, they argue that the refractory compositions of other Al-Mg granulites in the EGP would not have recorded the late-stage decompression. However, this explanation contradicts evidence from UHT localities in other metamorphic belts that garnet-bearing high Al-Mg granulites in particular commonly do record post-peak decompression (Harley, 1998) . We contend that this is also true for the garnet-bearing high Al-Mg granulites from the EGP. If high-T decompression had occurred at the localities studied by and Korhonen et al. (2014) it is likely that reaction microstructures involving garnet breakdown would have developed, but these are absent. Mafic rocks at Anakapalle were emplaced at 1580 Ma (Kelsey et al., 2017) , far earlier than at many other localities, where emplacement occurred at c. 950 Ma . Therefore, a higher apparent thermal gradient [>150°C/kbar; ] may have been induced in parts of the EGP during the UHT event by elevated mantle heat flow. Furthermore, in modern collisional belts, rocks exhumed closer to a thrust tend to be exhumed from higher pressures (Harris et al., 2004; Jamieson, Beaumont, Medvedev, & Nguyen, 2004; Yakymchuk & Godin, 2012) , which may be the case at Anakapalle.
A higher spatial distribution of reliably constrained P-T paths and zircon provenance studies are required to better discriminate between the potential tectonic models, and satisfactorily explain sustained UHT metamorphism for c. 100 Ma in thinned crust in the hinterland of a collisional orogen. Possible solutions to this conundrum include prolonged focused radiogenic heat production (Horton et al., 2016) , high mantle heat flux, anomalously strengthened residual crust, low erosion rates and/or re-activated convergence at c. 900 Ma (Dasgupta et al., 2013; Mezger & Cosca, 1999) . Merdith et al. (2017) placed a passive plate margin outboard of the Eastern Ghats/Rayner terrane (EGRT) after subduction/accretion ended at c. 850 Ma. This remained a passive margin until the EGRT was within close proximity to the Mawson and South Australian cratons due to subduction from c.1050 to c. 650 Ma in the Mawson Sea outboard of Australia (Figure 14a ). Radiogenic heat production from dominant khondalite and charnockite lithologies were ~3 µWm -3 at 550 Ma in the EGP (Kumar, Menon, & Reddy, 2007) . Low erosion rates in the heat producing element (HPE) enriched backarc region of this system could have led to prolonged high-T conditions. Few inherited zircon data in the Prydz orogen are younger than c. 900 Ma (Grew et al., 2012; Hokada, Harley, Dunkley, Kelly, & Yokoyama, 2016; Kinny, Black, & Sheraton, 1993; Wang, Liu, Zhao, Zheng, & Chen, 2016) , inhibiting reliable tectonic inferences based on the geochronological data for the period c. 900-550 Ma. However maximum detrital zircon ages for passive margins are commonly >100 Ma older than sedimentation ages (Cawood, Hawkesworth, & Dhuime, 2012) . These regions are often tectonically stable with low uplift and sedimentation rates induced on the inboard craton, while contemporaneous magmatism is also sparse (Cawood et al., 2012; Cawood & Nemchin, 2001; Cawood, Nemchin, & Strachan, 2007) . Thus, focused radiogenic heat production over a long period may be the explanation for the long-lived UHT metamorphism in the EGP-RC.
Pan African reworking in the EGP recorded by zircon and monazite was previously interpreted as a mid-amphibolite facies overprint localized along regional scale shear zones or around pegmatites found throughout the EGP (Chatterjee, Das, Bose, Ganguly, & Hidaka, 2017; Dobmeier & Raith, 2003; Simmat & Raith, 2008) . Granulite facies conditions (>810°C) at c. 550-500 Ma, as reported in this study based on in-situ Ti-in-zircon thermometry on samples from Vizianagaram, refute these claims. Neosomes in granulites
from Garbham, to the north of Vizianagaram, similarly contain zircon overgrowths of c. 550 Ma age. Additionally, U-Pb rutile ages of c. 450 Ma from the EGP record a lower closure temperature (~600°C for 100µm grain size) than zircon and monazite (Cherniak, 2000; R. Taylor, Clark, & Reddy, 2012) . Therefore, the inference can be drawn that the EGP terrane had cooled to ~ 600°C by c. 450 Ma. Simmat and Raith (2008) reported pronounced hydrous retrogression occurring near shear zones due to fluid flux, but temperatures >800°C are unlikely to be recorded by their mineral assemblages. Pan African zircon and monazite age populations are sparse in southern regions of the EGP.
Preferential reheating may occur in residual granulites that were formed during the 1050-800 Ma granulite facies event, with reworking being determined by the geographic distribution of these residual granulites. The removal of partial melt from the crust leaves dry residual assemblages and removes the buffering effect that partial melting has on crustal heating (Stüwe, 1995) . Burial of rocks with high HPE concentrations for >40 Ma means HPE are an important heat source. Khondalite and charnockite lithologies in the Eastern Ghats terrane typically produce ~3 µWm -3 heat from HPE; a value that is high compared to other Archean and Proterozoic terranes (Kumar, Menon, & Reddy, 2007) . It is feasible that dry, residual rock volumes with high HPE values remained buried at ~20 km after the 1050-800 Ma granulite event (Figure 14) , during a period of regional tectonic quiescence until c. 550 Ma (Li et al., 2008) .
The EGRT is placed to the west of a passive margin during the time period until c.550 Ma in some tectonic plate reconstructions (Figure 14a ; Merdith et al., 2017) . Merdith et al. (2017) suggested that subduction was initiated on the eastern margin of the EGRT by 550 Ma (Figure 14a,b) , instigating collision between the EGRT and Australia leading to the development of the Prydz Belt, an orogenic belt traced through the Southern Prince Charles Mountains (Li et al., 2008) . It is possible that the Vizianagaram granulites--already residual, HPE enriched and at ~20 km depth--were in a widened orogenic backarc region inboard of the Prydz orogeny and subject to elevated mantle heat flow to enable minimal reheating to granulite facies conditions (Figure 14) . Reworking and melt generation in hot orogens is most likely to occur around regional scale shear zone systems (Perchuk et al., 2016) , such as the Nagavali Shear Zone. Reworking of the Vizianagaram granulites at c. 550 Ma could have been a result of an influx of some H 2 O into the residual granulites, lowering their solidus temperatures to ~800°C, leading to remelting and neocrystallized zircon rims at these temperatures. Final concordant zircon crystallization at c. 510 Ma (Figure 8b ) and U-Pb rutile ages of c. 450 Ma (R. Taylor et al., 2012) are consistent with slow cooling of the EGRT to ~ 600°C in the lower crust in the aftermath of the assembly of Gondwana.
| CONCLUSIONS
1. Granulites at Vizianagaram, Eastern Ghats Province, India, record petrologically robust evidence for suprasolidus zircon crystallization from c. 1050-800 Ma. In-situ Ti-in-zircon thermometry suggests UHT conditions (>900°C) persisted for a minimum of c. 120 Ma between c.1000 and c. 880 Ma. Post peak metamorphic conditions are characterized by <1 kbar of decompression at ~1000°C before cooling to ~800°C. However, the UHT granulites at Vizianagaram may not have followed a conterclockwise P-T path similar to highland localities in the EGP (Korhonen, Brown,Fhpe et al., 2013 
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Full annotated P-T pseudosections calculated using THERMOCALC 3.40 for samples EGB-09-45 and -47 calculated using XRF whole rock compositions.
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FIGURE 4
Tescan Integrated Mineral Analyser (TIMA) mineral maps for samples EGB-09-45 and -47 with petrological domains used for phase equilibrium modelling outlined. Compositions were calculated from mineral abundances (Table 1) for each area shown (Table 2 ).
FIGURE 5
Simplified P-T phase diagrams for domains 1 (a) and 2 (b) for sample EGB-09-45. Fully labelled P-T phase diagrams are given in Figure S4 . Interpreted peak (red) and retrograde (blue) stability fields for each domain are outlined by dashed lines that include the 2 uncertainties on the peak and retrograde fields. Black arrows connect peak and retrograde fields, across the solidus, and indicate the simplest post peak P-T vector in each case
FIGURE 6
Simplified P-T phase diagrams for domains 1 (a), 2 (b), 3 (c) and 4 (d) for sample EGB-09-47. Fully labelled P-T phase diagrams are given in Figure S5 . Interpreted peak (red) and retrograde (blue) stability fields for each domain are outlined by dashed lines that include the 2 uncertainties on the peak and retrograde fields. Black arrows connect peak and retrograde fields, across the solidus, and indicate the simplest post peak P-T vector in each case. 
FIGURE 9
Temperature-age plots for LA-ICP-MS data for EGB-09-45, -47 and -55. (a) Solid ellipses are LA-ICP-MS data from the age ranges of concordant SHRIMP data (see Figure 7) . Dashed ellipses are analyses in the age range of discordant SHRIMP analyses; the red line indicates the regression line for average cooling rate (0.13  0.08°C/Ma), during UHT, with the minimum and maximum Figure  3 ) from Tescan-Integrated-Mineral-Analyser (TIMA) phase maps. Figure 3) . Table 1 d o m a i n ( a r e a % ) q u a r t z K -f e l d s p a r c o r d i e r i t e g a r n e t s i l li m a n i t e o r t h o p y r o x e n e s a p p h i r i n e m a g n e t it e p l a g i o c l a s e i lm e n i t e s p in e l b i o t i t e r u t i l e EGB-09-45 1.
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